that the sex-based differences influencing the severity of certain forms of genetic cardiomyopathy, such as hemochromatosis, may also affect outcomes in patients with acquired cardiomyopathy. Understanding the interconnection between sex and iron handling in the heart might provide for the discovery of novel therapeutic targets in cardiomyopathy.
Iron is an essential mineral used for the synthesis of heme and iron/sulfur clusters, both of which are cofactors for a host of enzymes involved in DNA repair, ATP production, and regulation of gene expression. In excess, however, iron can be detrimental because of its involvement in ROS production via the Fenton reaction. 7 Consequently, iron is tightly regulated at both the cellular and systemic levels. At the systemic level, the liver synthesizes and secretes the peptide hormone hepcidin, which regulates the release of iron into circulation from the small intestine and macrophages. At the cellular level, a highly conserved iron response protein (IRP)/iron response element (IRE) system serves as the primary regulator of cellular iron homeostasis. Low cellular iron activates IRP, which binds to IREs in various mRNAs and results in increased iron uptake, mobilization from storage, and decreased iron export. If this mechanism is not sufficient, a parallel pathway involving the proteins mammalian target of rapamycin and tristetraprolin is activated to conserve iron for cell survival. 7 Although iron uptake is systemically regulated, there are no mechanisms for mammals to actively shed iron, with the exception of blood loss. Because of the regular blood loss that occurs with menstruation, women are more susceptible to iron deficiency and anemia. 8 For the very same reason, however, it is speculated that women may also be protected against iron overload disease, such as hemochromatosis. 9 This could be a reason why men carrying genetic mutations for hemochromatosis are found to have greater severity of disease. 5 Nevertheless, despite compelling hypotheses, the differences in cellular iron handling due to biological sex are poorly characterized. It is this gap in knowledge that the study by Das et al addresses in this issue of JAHA. 10 Using genetic and pharmacological models of cardiac iron overload, the authors demonstrated a sex difference in the severity of cardiac dysfunction despite similar levels of iron overload in the heart. In addition, oophorectomy in female mice mitigated the cardioprotective effects of female sex, and supplementation of estrogen in male mice conferred them. The former experiment was critical in determining whether the protective effects of sex were due to signaling from the ovaries or an intrinsic property of the cardiomyocyte. The latter experiment identified estrogen, as the central factor secreted from the ovaries, underlying the sex-based difference in cardiac function. Among all proteins study by the group, ferritin levels appeared to be inversely correlated with both cardiac function and tissue ROS levels ( Figure) . This fits nicely with previous work showing that ferritin-bound iron is less capable of forming ROS than "free" iron. 11 Taken together, these findings suggest that differences in estrogen signaling may differentially regulate cellular iron-storage machinery.
Although periodic iron loss has long been considered the protective mechanism against iron overload in women, this study provides the first description of a hormone-based cardioprotective mechanism that is uncoupled from systemic and cellular iron levels. Nevertheless, the molecular mechanism underlying sex-based differences in ferritin expression remains to be determined. Although the data suggest that estrogen signaling is essential for the expression of ferritin under iron-overload conditions, baseline estrogen signaling does not appear to cause any difference in ferritin expression, as demonstrated by the lack of difference in baseline ferritin levels between male and female mice of the same genotype and in female mice with or without oophorectomy. Interestingly, ferritin levels appear to be comparable in male and female mice with genetic hemochromatosis after iron loading, despite significantly lower ferritin mRNA levels in male mice. Consequently, the questions of whether there is an ironmediated increase in estrogen receptor translocation to the nucleus and whether there is differential binding of the estrogen receptor to its gene targets under iron-overload conditions remain to be answered. In addition, the free iron concentration is usually kept low in the cell. Das et al used both Prussian blue staining and inductively coupled plasma mass spectrometry to measure total cellular iron, but those techniques are unable to distinguish different forms of iron (ie, free versus stored iron in ferritin versus iron in heme and iron/ sulfur clusters). Whether the difference in ferritin levels reflects difference in free iron levels will require further studies.
Another important issue to consider is that not all intracellular iron accumulation sites are equivalent. Recent studies demonstrated that mitochondrial, rather than cytosolic, iron accumulation contributes significantly to cardiac ischemia-reperfusion injury. 6 Therefore, although male and female mice exhibit similar levels of iron accumulation in genetic and pharmacologic models of iron overload, the subcellular distribution of accumulated iron might also explain the sex difference in cardiac dysfunction. Finally, Das et al implicate the differential expression of antioxidant genes, notably thioredoxin 1, as a mechanism mediating the reduction in ROS production in iron-overloaded female mice compared with iron-overloaded male mice. This is consistent with previous reports finding that estradiol or estrogen analogs are capable of upregulating antioxidant gene expression, such as manganese superoxide dismutase, partly through the activation of the nuclear factor jB pathway. 12, 13 Nevertheless, this cannot account for the entirety of the sex-based protective effect because multiple clinical trials investigating the use of antioxidants in the prevention of cardiovascular disease have been unsuccessful. 14 The mechanism described in this study may potentially also explain the sex-based difference in hemochromatosis Figure. Key effects of sex on the response to iron overload in the murine heart. Male and female mice accumulate roughly equal amounts of cardiac iron in response to iron overload. Female mice express greater levels of ferritin and antioxidant proteins, resulting in reduced reactive oxygen species (ROS) production and preserved cardiac function. symptom severity. Initial symptoms of hemochromatosis include abnormal liver function, diabetes mellitus, and electrocardiographic abnormalities, all of which relate to iron overload-associated organ damage. 15 Similar to female mice, which have equivalent iron overload but reduced ROS production compared with male mice, female patients also may be protected against ROS damage due to differences in intracellular iron handling and antioxidant expression compared with male patients. In contrast to the cardioprotective effect of estrogen demonstrated in this study, recent clinical data have suggested a correlation between testosterone supplementation and worse cardiovascular disease outcomes in male patients, leading the U.S. Food and Drug Administration to submit an official statement requiring warnings be added to testosterone product labels. 16 Moreover, sex-based differences in cardiac events could also be explained by the deleterious effects of testosterone on the heart. Ultimately, more in-depth studies will be needed to develop novel therapies exploiting these sex-based differences. Clinical trials investigating the supplementation of estrogen in postmenopausal women with congestive heart failure found a decrease in 12-month mortality in women with estrogen supplementation. 17 Guidelines from the American Academy of Clinical Endocrinologists, however, rated estrogen maintenance therapy as grade D1 because of concerns regarding increased risk of thromboembolism, uterine cancer, and increased cardiovascular events. 18 Consequently, future studies investigating targetable components of the estrogen-mediated iron-storage pathway will be of great utility.
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